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Abstract
Tephra layers in lake sediment cores are regularly used for tephrostratigraphy as isochronous features for dating and recording
eruption frequencies. However, their value for determining volcanic eruption size and style may be complicated by processes
occurring in the lake that modify the thickness and grain size distributions of the deposit. To assess the reliability of data from lake
cores, we compare tephra deposited on land during the 2015 eruption of Calbuco volcano in Chile to records in sediment cores
from three lakes of different sizes that are known to have received primary fall deposits. In general, the thickness and
granulometry of the deposit in lake cores and nearby terrestrial sections are very similar. As anticipated, however, cores sampled
close to (here, within 300 m of) fluvial inflows were affected by sediment deposition from the lake’s catchment; they differed
from primary deposits not only in their greater thickness and organic content but also in poor sorting and lack of grading. Cores
850 m away from the inlet were not affected. We consider our results in the context of the particle settling regime as well as each
lake’s location, bathymetry and catchment area. We find that the particle settling regime is important in more distal settings where
the ash particles are small and particle settling occurs in density plumes rather than as individual particles. We conclude that lake
cores can be useful for physical volcanology providing consideration is given to eruption parameters such as particle size and
mass flux, as well as lake features such as bathymetry and catchment area.
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Introduction
Lake sediment cores (lake cores) are an invaluable source of
information in many spheres of Earth Science such as clima-
tology and volcanology. They can record information about
the evolution of water chemistry and aquatic life on time
scales of millennia while also preserving deposits from
short-lived events such as landslides and volcanic eruptions
(Williams et al. 1997; Van Daele et al. 2015). Such events are
used to study the associated hazard and as palaeomarkers for
correlation and dating (e.g. Horrocks et al. 2005; Lowe et al.
2008; Stern 2008; Lane et al. 2013; Smith et al. 2013). There
are, however, many processes that can interfere with a volca-
nic deposit in a lake and prevent it from recording primary
volcanic deposit. Here, we explore these processes as they
apply to the 2015 sub-Plinian eruption of Calbuco volcano
in Chile.
Lake cores provide a record of the volcanic material depos-
ited during an eruption. This usually comprises pyroclastic
material that is released from the ash cloud and settles through
the atmosphere onto the lake but can also include deposits
from pyroclastic density currents and lahars transported as
gravity-driven flows. Lake cores provide important records
and samples of distal volcanic deposits, in particular, because
lakes are more likely to preserve fine ash that is liable to
resuspension and erosion in terrestrial settings (e.g. Lowe
2011; Engwell et al. 2014; Fontijn et al. 2014). In some cases,
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lake cores provide key data to evaluate a volcano’s eruptive
potential (e.g. Van Daele et al. 2014; Moreno et al. 2015;
McNamara et al. 2018) and thus can have considerable impli-
cations for hazard management.
In environments where the preservation of tephra on land is
particularly poor, lake cores may provide the only record of a
volcano’s eruptive history. In these scenarios, tephra layers in
cores are used in conjunction with material that can be dated
(usually organics or carbonates) to establish an eruption chro-
nology, which can be expanded and correlated with land sec-
tions or other lake cores (e.g. Davis 1985; Shane et al. 1998;
Matthews et al. 2012; Fontijn et al. 2016). Measured thickness
and grain size also provide data for constructing isopach and
isopleth maps used to estimate eruption size and intensity (e.g.
Pyle 1989; Fierstein and Nathenson 1992; Legros 2000;
Rhoades et al. 2002; Bonadonna et al. 2005). Furthermore,
changes in the grain size and componentry (proportions of
clast types) through a deposit can indicate changes in the in-
tensity and style of an eruption with time. These characteris-
tics also provide features for correlating tephra layers found in
different locations, particularly in cases where geochemistry is
non-diagnostic (McNamara et al. 2018). Application of these
methods requires that primary stratigraphic features are pre-
served in lake cores.
A significant concern in the application of lake cores to
physical volcanology is the potential for reworking and em-
placement of additional tephra due to lacustrine and fluvial
processes. Previous studies of volcanic deposits in lake cores
have cited evidence of secondary redistribution such as tur-
bidity currents, which can thin or thicken tephras as sediments
slump down the edges of lake basins, or wave action at the
higher energy lake edges (Benett 1986; Riggs et al. 2001).
Furthermore, a fluvial system delivering tephra from the lake’s
catchment area can artificially thicken a tephra layer as well as
deposit volcanic material in sediments that post-date the erup-
tion (Thompson et al. 1986; Bertrand et al. 2014).
Even without fluvial input or lateral redistribution of vol-
canic material by currents, settling in the water column can
affect the vertical distribution of clasts of different sizes and
densities within the deposit. Grading of deposits can be caused
by changes to eruption intensity and/or proportions of types of
clasts erupted (i.e. primary features) or can be caused by set-
tling processes (i.e. secondary features). Indeed, graded de-
posits in sea and lake cores have been interpreted to record
differing rates of particle settling, where larger particles over-
take smaller particles while falling through the water column
to produce a normally graded deposit (e.g. Ledbetter and
Sparks 1979).
An additional complication is that volcanic material can be
highly variable in density; the high vesicle content of pumice
may even allow some clasts to float until sufficient pore space
is filled with water (Whitham and Sparks 1986). If a portion of
the fall deposit comprises pumice that is less dense than water,
these pumices may be redistributed (e.g. by wind) on the lake
surface while other clasts settle to the lake floor (e.g. Cashman
and Fiske 1991; Fiske et al. 2001; Shane et al. 2006; Von
Lichtan et al. 2016). Delayed deposition of relatively coarse
pumice can also affect the thickness, sorting, grading and
componentry of the tephra layer, which complicates interpre-
tations of eruption dynamics.
Finally, clasts do not necessarily settle individually in the
water column. Instead, with sufficient rate of tephra deposition
onto the sea (for a clast size and density and sufficient water
depth), tephra can fall through the water as dense plumes of
particles (Carey 1997; Manville and Wilson 2004; Rose and
Durant 2009). This occurs when particle fall velocities slow
upon reaching the air-water interface, producing higher con-
centrations near the top of the lake, which may form a gravi-
tationally unstable layer that develops into plumes of particles
that descend to the base of the water column. These plumes
fall faster than individual-particle settling speeds (Cashman
and Fiske 1991; Carey 1997; White et al. 2009; Jacobs et al.
2013, 2015) and are consequently less liable to lateral redis-
tribution by currents (Ninkovich and Shackleton 1975;
Manville and Wilson 2004). This type of sedimentation can
preserve the primary grain size distribution of tephra; howev-
er, it will not preserve grading or fine-scale variations in grain
size with stratigraphic height that reflect changes in grain size
landing on the water surface with time.
Given the various processes that can interfere with primary
tephra deposition in lacustrine environments, an important
question is how to recognise when a tephra layer records pri-
mary depositional stratigraphy. Also important is identifying
the best place to look for pristine tephras within a specific lake.
Recent eruptions provide the opportunity to assess the effec-
tiveness of lake core records in a well-constrained environ-
ment where contemporaneous deposition of tephra on land
and in the lakes can be compared and contrasted (Bertrand
et al. 2014).
The 2015 eruption of Calbuco volcano in Chile provides
such an opportunity because the sequence of events is well
constrained by direct observations and remote sensing, tephra
layers were directly measured and sampled on land, and teph-
ra was deposited in lakes of different sizes and locations.
Importantly, the accessibility of the proximal fall allowed the
tephra deposition to be monitored during and immediately
after the eruption. For this reason, the fall deposit is well
documented and sampled many kilometres from the vent
(e.g. Segura et al. 2015; Castruccio et al. 2016; Romero
et al. 2016). As a result, we can compare the deposits in the
lake cores to the primary deposit without concern over wheth-
er the terrestrial samples have, themselves, been subject to
secondary processes. For this study, we cored three proximal
lakes. We consider each of the cored tephras in the context of
the coring location, proximity to fluvial inputs and the particle
settling regime.
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Calbuco volcano
Calbuco is an active volcano located in the Southern Volcanic
Zone (SVZ) of the Chilean Andes. It is one of the most haz-
ardous volcanoes of southern Chile due to the frequency and
explosivity of its eruptions, with the towns of Puerto Montt
and Puerto Varas located within a 30-km radius of the vent. It
is also close to several smaller towns and villages, including
the village of Ensenada (~ 14 km north of the vent).
Activity at the volcano began at 300 ka in the form of
andesitic lavas and pyroclastic density currents (PDCs).
Holocene activity has produced sub-Plinian and Plinian fall
deposits and lava flows and PDCs of predominantly andesitic
composition (Lopez-Escobar et al. 1992; Selles and Moreno
2011; Castruccio and Clavero 2015). Activity in the past cen-
tury has included a range of sub-Plinian and Vulcanian erup-
tions with the four most recent in 1945, 1961, 1972 and 2015
(Castruccio et al. 2016).
The 2015 eruption of Calbuco began on the 22nd of April
with very little precursory activity. Over a 12-h period, it pro-
duced two sub-Plinian phases which occurred ~ 5.5 h apart,
with a maximum plume height of 25 km and ash deposited at
least 300 km from the vent. The ash cloud propagated towards
the northeast, depositing ash across the Chilean-Argentinian
border and causing numerous flight cancellations and delays.
The village of Ensenada was particularly affected, with resi-
dents evacuated and damage to houses and infrastructure from
the volume of tephra deposition.
The second sub-Plinian phase was the most explosive and
its products comprise most of the fallout deposits (Van Eaton
et al. 2016). The eruption also produced numerous pyroclastic
flows that travelled up to 6 km from the vent, as well as several
lahars that followed river channels and caused damage to
roads and bridges before entering Llanquihue and Chapo lakes
to the north and south of the volcano. The bulk erupted vol-
ume was estimated between 0.27 and 0.38 km3 (Castruccio
et al. 2016; Romero et al. 2016).
Tephra sampling and analyses of the fall deposit (Segura
et al. 2015; Castruccio et al. 2016) identified four units num-
bered 0–3 (bottom to top) (Fig. 2), with layer 0 attributed to
the first 1.5-h eruptive phase and layers 1–3 to the second 6-h
phase. Of these units, layer 0 is the thinnest and finest-grained
and consists largely of brown scoria. Layer 1 is the coarsest
and contains brown to tan scoria. Layer 2 is typically the
second-coarsest and encompasses a mix of tan/brown scoria
and some denser dark-grey scoria and juvenile lithics. Layer 3
contains dense dark-grey juvenile fragments and grey scoria
clasts, which are often coarser grained than those found in
layer 2. The easily distinguishable variations in colour,
componentry and granulometry with depth in the deposit
make this a good eruption for a comparative study of lake
and land records of an eruption sequence. In addition, the
scoria has a density of 1.3–1.4 g/cm3 (denser than water;
Castruccio et al. 2016) and so sank immediately upon depo-
sition into the lake.
The lakes
‘Los Lagos’ or ‘The Lakes’ region of Chile comprises the
central portion of the SVZ (in which Calbuco is located) and
is home to some of the largest lakes in the country. In imme-
diate proximity to Calbuco are Lagos Chapo, Llanquihue and
Todos Los Santos (TLS; Fig. 1). The latter is located directly
below the 2015 dispersal axis and, consequently, received
substantial primary tephra deposition, while the SE sector of
Llanquihue lake lies on the northern edge of the fallout area.
The region also includes many smaller lakes; some of which
are fed by rivers and streams that drain the slopes of Calbuco
and nearby Osorno volcanoes. The largest of these small lakes
is the elongate Laguna Patas, which is positioned to the east of
the volcano, perpendicular to the primary fall axis (Fig. 1).
These three lakes comprise our study.
Llanquihue is a piedmont lake with an area of 870 km2 and
a maximum depth of 317 m, making it the second largest lake
in Chile (Geller 1992; Soto 2002). Llanquihue and
neighbouring Todos Los Santos lie in the same large quater-
nary glacial depression, which has been partially filled by
volcanic products from Calbuco and Osorno volcanoes to cre-
ate the two distinct lakes (Herschy 2012). Llanquihue lies ~
12 km to the north and northeast of Calbuco and receivedmost
tephra deposition in its SE tip. It has several fluvial inflows,
with the main three comprising Rio Pescado, Rio Blanco and
Rio Tepu; all of which are sourced on or near the flanks of
Calbuco and flow into the southern shore of the lake (Campos
et al. 1988; Arismendi et al. 2011; Fig. 1). The lake’s primary
fluvial outflow is the Maullín river which flows from the town
of Llanquihue in the southwest of the lake.
Todos Los Santos (TLS) is a monomictic lake positioned
approximately 28 km northeast of Calbuco in the Vicente
Perez Rosales National Park, directly beneath the 2015 ash
dispersion axis (Fig. 1). The lake has a surface area of
178.5 km2 and a maximum depth of 337 m (Herschy 2012).
It has three major fluvial inflows (rivers Blanco, Pichi-Blanco
and Negro); all of which enter the eastern end of the lake. The
most easterly 5-km basin of the lake has a maximum depth of
50 m because of sediment deposition from the rivers. Its west-
ern basin is much deeper, reaching 330 m in some places. The
major lake outflow is located at the most westerly extent of the
lake and constitutes the source of the Petrohué river (Fig. 1).
Laguna Patas is a small lake to the east of Calbuco with a
surface area of 0.6 km2. It is fed from a small river (estero El
Caballo) entering in the southeast end of the lake whose catch-
ment comprises part of the easterly flank of Calbuco but is
nearly dry during the summer season (Bretón et al. 2006). The
lake feeds the Rio de los Patos, a larger tributary of the main
Petrohué River (Fig. 1). To our knowledge, no bathymetric
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information exists for the lake; however, our measurements
with an echo-sounder during coring suggest typical depths
between 10 and 30 m.
Methods
All cores were obtained during fieldwork inMarch 2017 using
a Uwitec gravity corer and 60mm sampling tubes. Equipment
limitations meant the maximum water depth through which
we could core was 40 m, so all cores were taken within 300 m
of the lake shore, where the water depth varied from 8.5 to
40 m.
All cores were measured, photographed and described im-
mediately after coring and then subsampled on return from the
field. The core was episodically removed by sliding the outer
casing down to expose sediment, which was then sampled.
We aimed to sample the core every 2 cm; however, due to
the coarse nature of the sediments, it was difficult to control
the removal of the core from its casing and so subsampling
was sometimes at inconsistent intervals. A summary of the
cores and sub-samples can be found in Table 1.
Selective terrestrial sections are also included in this study
(Table 1). These comprise tephra sampled at the time of coring
as well as sections sampled by Segura et al. (2015) and
Castruccio et al. (2016) immediately after the eruption. We
compare sections close to the cored lakes to allow a direct
comparison of both granulometry and componentry between
the terrestrial tephra deposit and the lacustrine material. In
addition, we compare grain size and thickness data of the lake
core samples with those of deposits sampled at intervals along
the ash dispersion axis (Castruccio et al. 2016; Fig. 1).
Thickness data from these localities were used to draw
isopachs by Castruccio et al. (2016), which are also shown
on Fig. 1.
Grain size data were gathered for each subsample in each
core and deposit. The samples were oven-dried, sieved from −
5 to 3 φ (32 mm to 125 μm) at 1 φ intervals and weighed.
Samples with macroscopic organic content (leaves and twigs;
Table 1) were subsequently resaturated in water, and all float-
ing organic material was manually removed before the remain-
ing sample was re-dried. In order to determine the total
grainsize for each core, the weights of the subsample were
summed for each grain size fraction and combined into a dis-
tribution. All grain size data can be found in Supplementary
Material S3. Componentry data were analysed for the − 2 ϕ
fraction by sorting individual grains into one of three catego-
ries: (1) dense, grey fragments, (2) brown scoria and (3) beige
to white pumice. Grain size sorting (σϕ) was calculated using
the parameters of Inman (1952), whereσϕ is half the difference
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Fig. 1 Map of Calbuco volcano and the 2015 fallout deposit, including all locations of sampling and isopach map as determined by Castruccio et al.
(2016)
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between the 84th percentile and the 16th percentile of the grain
size distribution.
Backscatter electron (BSE) scanning electron microscope
(SEM) images were obtained for the uppermost and two low-
ermost subsamples in three of the Laguna Patas cores. In each
case, the 2φ, 3φ and > 3φ grain size fractions were imaged.
Particles were mounted in epoxy and polished to expose par-
ticle interiors. Polished mounts were then carbon-coated be-
fore imaging with a Hitachi S-3500N SEM at the University
of Bristol. For each grain size fraction, a ~ 15-image mosaic
was obtained and then combined using FIJI grid stitching
software (Schindelin et al. 2012). Each image had a 1024 ×
769 pixel resolution and was taken at a working distance of ~
20 mm and an accelerating voltage of 15 kVor 20 kV.
To better understand the secondary input of ash into the
lakes, we delineated the drainage basins for each lake using
the drainage analysis feature of the spatial analyst toolbox in
ArcGIS, which models water accumulation based on topogra-
phy and computes boundaries between drainage areas. The
data were calculated using a 30-m DEM from Shuttle Radar
Topographic Mission (STRM) data. See Supplementary
Material S1 for detailed methods.
Deposit properties
Several land sections (described below) were selected for
comparison based on their proximity to the cores or position
relative to the ash dispersal axis. In addition, eight cores were
obtained across the three lakes: Lago Llanquihue (two cores),
Lago Todos Los Santos (one core) and Laguna Patas (five
cores) (Fig. 1). The maximum sediment depth cored was
50 cm, although most cores were ~ 30 cm deep (Fig. 1).
Core numbers (Table 1) reflect the order in which they were
collected at a given lake; gaps in the numbering correspond to
unsuccessful attempts to retrieve core (e.g. the tube broke or
was empty).
Tephra on land
The majority of tephra in this study was sampled immediately
after the eruption (Segura et al. 2015; Castruccio et al. 2016).
The only exception is a sample from a shallow pit on the shore
near Ensenada (location EN02; Fig. 1), which was dug at the
time of coring to compare to the cores sampled 200 m to the
WNW in Lago Llanquihue. The sample is 13 cm thick, and all
four units determined by Castruccio et al. (2016) are identifi-
able (Fig. 2). We subsampled the top and bottom half of the
tephra deposit. The deposit contains darker pyroclasts in the
upper ~ 4 cm; the lower ~ 4 cm contains large sub-angular tan
pyroclasts. The upper 6 cm of the deposit is finer-grained
(Md = −0 .6 φ) than the lower 5 cm, which is considerably
coarser (Md = − 1.3 φ) (Fig. 2).
Tephra sampled immediately after the eruption in nearby
Ensenada village (KAL-12) is ~ 400 m closer to the vent than
EN02 and was recorded as 15 cm thick (Segura et al. 2015;
Castruccio et al. 2016). A sample collected at the same time
close to the village of Petrohué, south west of Todos Los
Table 1 Summary of cores and subsampled for each of the lakes
Sample Location Thickness (cm) Subsample thickness (cm) Macoscopic organics removed
S W A B C D E F G
Land sections
EN02 41 13.418 072 31.820 13 5 8 – – – – –
KAL-49 41 08.924 072 25.810 6 – – – – – – –
KAL-06 41 18.408 072 27.246 5 1 2 2 1 – – –
KAL-12 41 12.194 072 32.251 15 – – – – – – –
Lake Llanquihue
LQ02 41 12.291 072 32.486 13 1 5 2 3 2 – –
LQ03 41 12.293 072 32.534 13 3.5 3.8 2 3 – – –
Lake Laguna Patas
LPT01 41 17.726 072 27.480 8 1 1 1 1 1.5 1 1 Y
LPT05 41 17.756 072 27.426 8 2 2 2 2 2 – – Y
LPT06 41 18.033 072 27.362 7 1 1 1 1 1.5 1 1 Y
LPT07 41 18.296 072 26.964 12 2 2.5 2 2 2 2 – Y
LPT08 41 18.245 072 27.043 10 2 2 2 2 2 – – Y
Lake Todos Los Santos
TLS03 41 07.615 072 21.235 5 1 1 1 1 1 1 –
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Santos (~ 24 km from the vent), is used to compare with the
core sampled from Todos Los Santos. The deposit was record-
ed as 6 cm thick immediately after deposition (site KAL-49;
Fig. 1), with the lower 3 cm slightly coarser than the upper
3 cm (Fig. 3). The grain size variations are less obvious than in
the more proximal deposits.
Ash on the shore of Laguna Patas (KAL-6) was recorded as
5 cm thick immediately after the eruption (Segura et al. 2015;
Castruccio et al. 2016) and can be compared to the cores taken
from the Laguna. However, samples for granulometry were
not taken from this site and so grain size cannot be compared
directly.
For reference, we also include data from tephra sampled
very close to the dispersal axis, ~ 5.5 km from the vent (sample
KAL-26; Fig. 1). The deposit, also sampled immediately after
the eruption, is 30 cm thick and, as seen in EN02, is coarser in
the lower half, with the basal layer (layer 0) slightly finer (Md =
− 1.6 φ) than the thicker layer 1 above it (Md = − 2 φ; Fig. 3).
Llanquihue cores
The two cores taken from Lago Llanquihue (LQ02 and LQ03)
were sampled 50 m apart and ~ 200 m from the shore and ~
15 km from the volcano (Figs. 1 and 2). The tephra has a sharp
contact with lake sediment below, although this was not al-
ways apparent until subsampling as coring caused the sedi-
ment to smear along the edge of the core tube. Tephra deposits
in both cores had a thicknesses of ~ 12 cm (Fig. 2), and there
was a ~ 1-cm layer of lake sediment on top of the tephra. The
grain size and colour varied visibly in the deposit: the upper
half of the layer was generally finer and darker grey in colour,
while the lower half was coarser and comprised a band of tan-
coloured 5–10 mm-sized scoria above a finer layer of darker
brown scoria.
The grain size distributions varied with depth (z) in both
cores. Both cores were subsampled: LQ02 four times (A–D;
top to bottom) and LQ03 five times (A–E; top to bottom)
(Table 1). Of the four LQ02 subsamples, the two lowest are
coarser with median grain size (Md) = − 0.8 φ (LQ02A and
LQ02B), while in the upper two, Md = − 0.6 φ (LQ02C and
LQ02D) (Figs. 2 and 3). The LQ03 tephra layer includes five
subsamples, with the upper three (LQ03A, LQ03B and
LQ03C) more fine-grained than the lower two (LQ03D and
LQ03E), mirroring the overall grain size trends of the LQ02
deposit (Fig. 3). There is more variation in the Md in LQ03
(each subsample has a slightly different Md), as expected
given the different sampling intervals.
Todos Los Santos cores
Coring was attempted only in the deeper, westerly basin of
TLS where we retrieved one core (TLS03). This core was
taken ~ 31 km from the volcanic vent. It was the longest core
obtained and contained at least two separate tephra deposits.
The uppermost tephra (the 2015 tephra) is 5 cm thick and is
clearly distinct from surrounding lake sediment in grain size,
sorting and colour. The tephra shares a clear boundarywith the
lake sediment below and above. The grain size of the deposit
does not change with depth, and Md = ~ 1.4φ for all subsam-
ples (Fig. 4).
Laguna Patas cores
Five cores were taken from this lake, which lies ~ 13 km from
the vent, at intervals along the lake axis: LPT07, LPT08,
LPT06, LPT01 and LPT05 (in order of increasing distances
from the river entry; Fig. 1). We separate the core samples into
two groups: (1) the thinner tephras in cores LPT06, LPT01
and LPT05 which thicken to the northwest (7 cm, 8 cm and
8 cm, respectively) and (2) the thicker tephras (LPT07 and
LPT08) which thin towards to northwest, away from the river
source (12 cm and 10 cm, respectively).
The three thinner tephra layers have distinct boundaries
with lake sediment above and below and contain very little
lake sediment amongst the ash. Each core showed systematic
grain size variation across the subsamples of the tephra layer,
with the upper 2 cm finer than the lower 6 cm. In all three
cores, subsamples from the middle (z = 4–6 cm) are the coars-
est, withMd = ~ 0.6φ, while those from the bottommost 3 cm
are finer (Md = ~ − 0.5). LPT06 displays slightly more hetero-
geneity in grain size than the other two cores and has a finer-
grained lower 3 cm (Md = 0.4) (Fig. 3).
The thicker tephras closer to the river mouth comprise ash
interspersed with lake sediment and organic material, includ-
ing leaves and twigs, and have less distinct boundaries with
the surrounding lake material. They also differ from the thin-
ner cores in their grain size trends: they are generally finer-
grained and show inconsistent variation with depth. LPT07
contains a lens of very fine material at z = 4 cm, while
LPT08 is much finer-grained in the upper 2 cm than any of
the other cores (Fig. 3). While the overall grain size of both
cores is on average smaller, both contain large (~ 2 cm) lithic
fragments.
Comparison of lake and land tephras
The primary purpose of this study is to compare the tephra that
has settled directly into lakes to the tephra that settled on land.
We do this by comparing basic physical observations of the
tephra deposits from both preservation environments. Grain
size and thickness are regularly used to estimate eruption size
and intensity (e.g. Pyle 1989; Burden et al. 2011; Johnston
et al. 2012; Castruccio et al. 2016; Romero et al. 2016); for
this reason, we compare the thickness and granulometry of
each of the lake core deposits to nearby ash on land. Also
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important is the proximity of each lake site to fluvial inflows
as well as to the lake size and catchment. We also consider the
features of the deposit in relation to the eruption properties and
resultant particle settling regime.
All 2015 tephras used in this study were sampled from
within an area affected by primary deposition from the 2015
eruptive plume. The three lakes that were cored—Lago
Llanquihue, Lago Todos Los Santos and Laguna Patas—are
of varying sizes and types. Laguna Patas is the closest to the
volcanic vent (~ 13 km), although it did not receive the thickest
tephra of the lakes cored because of its position southeast of the
dispersal axis, which is set by the wind direction during the
eruption. The thickest tephra deposition was recorded in cores
from Lago Llanquihue, which is ~ 15 km from the vent and
close to the dispersal axis. The thinnest 2015 tephra layer was
sampled in Todos Los Santos, close to the main ash dispersal
axis but ~ 31 km from the vent (Fig. 1).
Comparisons of deposit features
The thicknesses of the 2015 tephra in both cores taken from
Lago Llanquihue (LQ02 and LQ03) are within the range
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expected based on the isopach map constructed from primary
land deposits by Castruccio et al. (2016). The cores also show
grain size and colour changes with depth comparable to the
section sampled on land close to the lake edge (EN02; Figs. 2
and 3; Supplementary Material S3). Colour changes are
reflected in the componentry data which indicate that the pro-
portion of beige to white pumice in the 2 ϕ fraction increases
in the middle and lower subsamples in both the LQ02 core and
the EN02 land sample. In both cores, the lower half of the
deposit is coarser than the upper half, and the same four units
were identifiable from grainsize and colour (Fig. 2). Sorting,
as determined using sorting parameters in Inman (1952), in
both the land and lake core is also comparable, with σϕ ~ 1 in
all subsections of both land and lake deposits (Supplementary
Material S3). However, the bottom subsection is less well
sorted due to the possible inclusion of lake sediment as well
as sampling combining finer grains from the first layer 0 with
a portion of the coarser deposits from layer 1. Generally, how-
ever, the lake core is slightly finer-grained in the lower two
subunits than in the lower half of the land section. In LQ02,
for instance,Md = − 0.8φ in the lower two subsamples, while
Md = − 1.3 φ in the lower half of EN02 (Fig. 2). We interpret
this to reflect the distance of the cores from the primary dis-
persion axis, which is consistent with the layer in the cores
also being slightly thinner than in the land section EN02.
Additionally, it is not strictly accurate to compare the bottom-
most subsamples from the lake cores and the land sections, as
they represent a different proportion of the overall deposit.
As seen in Lago Llanquihue, the core from Todos Los
Santos (TLS03) contains 2015 tephra with a thickness consis-
tent with the isopach contours based on deposits on land.
Although the closest tephra section on land (KAL-49;
Segura et al. 2015) is coarser than the lake core, it is ~ 6 km
closer to the volcano (Figs. 3 and 4). Additionally, the normal
grading observed in all the land sections is not as apparent in
TLS03 (Fig. 3), consistent with the observation that even on
land, the four units become less distinctive with distance from
the volcano (Castruccio et al. 2016).
In Laguna Patas, the smallest of the lakes sampled (Fig. 1),
the characteristics of the tephra varied with the positions of the
cores relative to the primary dispersal axis and the lake’s flu-
vial inflow. In the three cores closest to the volcano (LPT01 to
LPT05 and LPT06), the tephra layer thins with increasing
distance from the dispersal axis, consistent with the well-
constrained primary deposit on land. The grain size also
changes systematically across these three cores, although un-
like the land sections and cores from other lakes, the bottom
half of the deposit is not coarser than the top (Fig. 3a). In fact,
after the samples were dried, we identified a contribution of
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lake sediment in the bottom 2–4 subsamples in all three cores.
To investigate the impact of this mud on the grain size distri-
bution, we imaged the finest three grain size fractions by
SEM. In each case, we observed aggregates comprising most-
ly diatomite and some organic material. The proportions of
volcanic and non-volcanic particles were quantified by point
counting, and the non-volcanic portion was removed from the
grain size fraction to create a primary grain size distribution
(Fig. 5). The revised (purely volcanic) grain size indicates
normally graded deposits, consistent with normal grading
displayed in land sections and in Llanquihue cores (Fig. 3).
The tephra layers in the other two cores (LPT07 and
LPT08) have thicknesses and grain sizes that contrast with
the other three cores; we attribute this difference to their prox-
imity to the lake’s fluvial inlet (Estero El Caballo; Fig. 6).
Specifically, the tephra layers were considerably thicker and
finer-grained than their co-lake counterparts (Figs. 3 and 6)
and contained lenses of mud and organic material amongst the
tephra (Fig. 3). This is reflected in the σϕ, which varies from
1.7 to 2.9 across the subsections of LPT07, considerably
greater than the unaffected core LPT01, where σϕ ranges be-
tween 1.1 and 1.7. Componentry indicates higher proportion
dense fragments distributed throughout the deposit, unlike the
other Laguna Patas cores, which contained more dense frag-
ments towards the top.
We interpret these cores to contain material washed in from
the lake catchment, which explains the overthickening, grain
size trends and changes in componentry (Figs. 4 and 6;
Supplementary Material S3). As no portion of the
overthickened cores matches the stratigraphy in the cores
away from the inlet (LPT01, LPT05 and LPT06), it appears
that volcanic material from the river was deposited in the lake
during the eruption and disturbed the primary fall material as it
washed in. It should be noted that these overthickened de-
posits comprise mostly tephra despite the included organic
matter.
In summary, most of the deposits in the lake cores pre-
served grain size and thickness information comparable to
land sections and are interpreted to represent the primary de-
posits. Indeed, in all cases (with the exception of the fluvially
thickened deposits), the measured thicknesses of both lake and
land deposits were within the measuring error determined by
Engwell et al. (2014) for their distance from the volcano.
Moreover, the cores were sampled only ~ 100 m from the lake
edge, which indicates that, despite their location, the effect of
wave action on sedimentation is negligible.
Fluvial inflows and drainage basins
We also investigated the effect of different drainage basins on
the tephra deposits in lakes using drainage basin analysis in
ArgGIS (Fig. 7). This is important because it has been shown
that in some settings, deposition of volcanic particles carried
into a lake by rivers may interfere with primary deposition and
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cause discrepancies between land and lake records (Bertrand
et al. 2014). For instance, immediately north of Lago
Llanquihue is Lago Puyehue which, after the 2011–2012
eruption of Cordón Caulle, was found to contain millimetre-
thick tephra deposits across most of the lake (which has a
surface area of 164 km2) that were not consistent in thickness
or grainsize with nearby primary land deposits (Bertrand et al.
2014). Here, volcanic material was apparently washed in from
the fluvial system (primarily the river Golgol) that was fed
from a catchment area directly under the ash dispersal axis.
Interestingly, the fluvial input of the Calbuco lakes appears
much less important. It is not surprising that the core in Todos
Los Santos (TLS03) has not been affected as the lake’s catch-
ment area does not lie directly under the area of substantial
primary ash deposition and the core is 10 km from the nearest
inlet. However, the catchments of the two other lakes do con-
tain substantial fallout from Calbuco and the cores were all
collected close to river inlets.
In Laguna Patas, only cores within 300 m of the inlet have
been affected by fluvial inputs (Fig. 6); a core 850 m from the
inlet is consistent with land records and appears primary. Our
drainage basin analysis indicates that Laguna Patas is fed from
a catchment that comprises the eastern flank of Calbuco
(Fig. 7). This may explain the presence of large lithics
amongst fine sediment, as well as the poor sorting and
grainsize trends. There are no published data on Estero El
Caballo, the river supplying Laguna Patas, but Google Earth
images indicate that the river is ~ 2.5 km long and so is ex-
pected to have carried only a small volume of tephra.
There is the lack of secondary tephra deposition in cores of
Lago Llanquihue, which is fed by larger river systems and so
is more vulnerable to extensive secondary redistribution of
sediment. The cores (LQ02 and LQ03) were taken only ~
5 km from the inlet of the Tepu River, which fed several lahars
during the eruption. Lago Llanquihue is almost five times the
size of Lago Puyehue, but any Calbuco ash entering via the
river systems does not seem to have been distributed to the
same extent as the ash transported into Puyehue after the
Cordón Caulle eruption. The catchment areas for both lakes
(Llanquihue and Puyehue) are under the primary dispersal
axes for the Calbuco and Cordón Caulle eruptions, respective-
ly (Fig. 7; Bertrand et al. 2014), and so will have received ash.
However, the Golgol river is 55 km long and has a discharge
rate of 73–274 m3 s−1 (Campos et al. 1988; Arismendi et al.
2011). In contrast, the Tepu river is 18 km long with an aver-
age monthly discharge of 2–5 m3 s−1 (Campos 1986) and a
drainage area of 32 km2 (only 2% of the whole Lago
Llanquihue drainage basin; Arismendi et al. 2011). In addi-
tion, Lago Puyehue has a catchment area of 1510 km2, com-
parable to that of Llanquihue (1605 km2) despite the area of
the lake itself being five times smaller. Therefore, we infer that
the thick layer of secondary tephra deposited in Puyehue was a
consequence of a longer fluvial network, a higher discharge
rate and a large catchment area in comparison to Llanquihue.
It is also perhaps important that the drainage boundary closest
to the Llanquihue cores (in the village of Ensenada) is the
boundary between Calbuco and Osorno drainage basins
(Fig. 7). It is possible that the area close to the bay in
Ensenada did not receive runoff from Calbuco, which would
have limited the effects of secondary deposition.
Particle settling regime
Volcanic particles settle in water (1) as individual particles or
(2) in plumes as part of a particle-laden vertical density current
(e.g. Ledbetter and Sparks 1979; Wiesner et al. 1995; Carey
1997; Carey and Schneider 2011). While the settling regimes
of volcanic particles deposited in oceans are fairly well under-
stood (e.g. Wiesner et al. 1995; Carey 1997; Manville and
Wilson 2004; Shane et al. 2006), they have not been consid-
ered in detail for a lacustrine setting where water depths are
shallower. Our results show that the lake cores (at least in the
proximal lakes Lago Llanquihue and Laguna Patas) are rep-
resentative of the deposits on land, so we infer that the parti-
cles settled individually, rather than by collective settling in
plumes.
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To quantify the timescales of individual particle settling in
the lakes, we calculated fall velocities for the range of particle
sizes in the cores. Assuming spheres and a particle density of
1350 kgm−3 (Castruccio et al. 2016), we calculated settling
velocities using the formulation of White (1974), which is
appropriate for the full range of Reynolds numbers (Re) from
viscous-dominated drag (Re < <1) for smallest particles to
inertial-dominated drag (Re> > 1) for largest particles. For
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each particle size, we started by establishing the velocity ac-
cording to Stokes law (Re < <1) and calculated Re based on
this velocity. We then determined the Re-dependent velocity
according to White (1974) and iteratively recalculated veloc-
ity (with updated Re) until the values converged. The effect of
the drag on settling times (=depth divided by velocity) for the
range of particle sizes in the cores is shown in Fig. 8a.
In order for the individual particle settling regime to tran-
sition into collective settling, the relatively particle-rich (and
hence dense) layer that accumulates in the upper water column
must destabilise. As more particles enter the water, this
particle-bearing layer thickens with time until it reaches a
critical thickness (hcrit). At this thickness, the timescale for
an individual particle to fall through the layer (τind) equals
the timescale for dense plumes of particles to develop by
Rayleigh-Taylor instabilities (τcoll) (Marsh 1988; Carazzo
and Jellinek 2012; Jacobs et al. 2015). In order for this collec-
tive settling to occur in a lacustrine setting, the lake must be
deeper than hcrit.
To investigate whether the lakes are sufficiently deep for
the Calbuco tephra to settle collectively, hcrit was calculated
for the range of particles sizes in the cores. We use the deri-
vation for the timescale of collective settling from Jacobs et al.
(2015) to derive an equation for hcrit that includes the effects of
viscous and inertial drag on the settling velocities of individual
particles as well as the effect of inertial drag on the plumes of
particles. The timescales can be written as
τ ind ¼ hui ; ð1Þ
and
τ coll ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρ f h ui

ρp−ρ
f
Vpg
v
u
u
u
t
: ð2Þ
As τcoll = τind when h = hcrit,
hcrit ¼
4 ρ f u
3
i
ρp−ρ f
 
Vpg
; ð3Þ
where h is the thickness of the particle-rich layer and ui is the
individual settling velocity of the particle (considering Re), ρf
is the fluid density, ρp is the particle density, g is gravitational
acceleration and Vp is the volumetric particle flux. The volu-
metric particle flux for each lake is calculated from
VP ¼ MPρρA te
; ð4Þ
where Mp is the mass of tephra in the core, A is the core area
and te the duration of the eruption (excluding repose intervals).
We then calculated hcrit as a function of particle size for each
lake using Eq. (3) with ui calculated as per White (1974) as
described above. This hcrit calculation is a simplification as for
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each particle size it is assumed that the entire mass of tephra
(Mp) is comprised of particles of that size. We conclude that
the collective settling regime dominates only if most of the
mass of the deposit comprises particles that are sufficiently
small for a layer containing that grain size alone to have settled
collectively.
In all three lakes, hcrit is less than the lake depth for the
smallest sampled particle sizes (Fig. 8b, c). In Todos Los
Santos, which is the deepest lake and contains the finest de-
posit, our analysis indicates that collective settling would oc-
cur for most of the tephra in the deposit (Fig. 8b). In Laguna
Patas and Lago Llanquihue, which are shallower and received
coarser-grained tephra, only a small portion (< 20%) of the
whole deposit mass would be sufficiently fine to settle collec-
tively (Fig. 8b).
The calculated times for individual particles to fall through
the entire water column (where we cored) are less than 5 min,
which is much shorter than the eruption duration (1.5 and 6 h
for sub-Plinian phases 1 and 2, respectively). Therefore, indi-
vidual particle settling should produce a lake floor stratigra-
phy that directly records the succession of material that landed
on the lake as a function time, in the sameway as the terrestrial
stratigraphy. This explains why the deposits at Lago
Llanquihue and Laguna Patas display similar stratigraphy to
nearby sites on land.
The deposit in Todos Los Santos has a less clear stratigra-
phy with height than in the other lakes (Fig. 3), which may be
a consequence of a more complicated settling regime. Our
calculations imply that ~ 80% of the mass of the deposit was
sufficiently fine-grained for the particles to settle collectively
if the whole mass of the deposit was composed of that size of
particle (Fig. 8b). A collective settling regime may explain
why the grain size of the whole deposit is consistent with land
sections but the grain size changes with stratigraphic height in
the deposit are less distinct. The timescales of settling also
indicate that ash from the first eruptive phase would have been
deposited as part of a density plume that was separate from
that of the second eruptive phase, which occurred after a re-
pose interval of 5.5 h. The impact of successive plumes is hard
to corroborate, however, as the range of grain sizes deposited
becomes smaller with distance from the vent (Fig. 8b). Thus,
any changes to the grain size with stratigraphic height will be
small and may not be resolved by our grain size analyses.
Conclusion
We cored three lakes surrounding Calbuco volcano to sample
the 2015 tephra deposit and compare it to nearby deposits. The
lakes are of different types, sizes and location relative to the
ash dispersal axis. We then examined the tephra in the lake in
the context of the lake’s catchment, the location of the cores
relative to the fluvial network, the effect of lake sediment on
the grain size distributions of the tephra and the particle set-
tling regime.
Overall, we found that tephra deposited on the lake bed was
an accurate representation of the terrestrial deposits. As the
eruption had a distinct eruption sequence, it produced scoria
of varying sizes, colour and density. The lake sediments
displayed the same patterns in these three variables as the
terrestrial sections.
The only exceptions were two cores sampled 300 and
160 m from the mouth of a river inflow in Laguna Patas. In
these cases, the tephra in the core was poorly sorted and
contained lenses of fine non-volcanic material. It was also
considerably thicker than expected (when compared to the
thickness of the nearest land sample) and thicker than predict-
ed by the deposit isopachs, indicating an additional contribu-
tion of dominantly volcanic sediment from the river. The lack
of correspondence in grain size and componentry with the
nearby primary counterpart, even at the base of the deposit,
indicates that river input of tephra started during the eruption.
Our results highlight that when choosing coring locations,
the size, location and discharge rates of river, basins and lake
catchments should be taken into consideration. Lakes fed from
large catchment areas that directly underlie the ash plume are
likely to be affected by secondary ash deposition. However,
the discharge, size and catchment of the fluvial inflow all
control fluvial inflows. For example, Lago Llanquihue is the
second largest lake in Chile, yet only primary tephra deposi-
tion is recorded only a few kilometres from a river inflow fed
from the flanks of the volcano. Smaller lakes are useful as they
are typically subject to lower fluvial discharge rates and small-
er catchments meaning any secondary deposition will have a
small spatial extent. Additionally, they tend to be shallower
and so easier to core with gravity corers at multiple intervals
along the lake.
We also find that the particle settling regime is relevant to
the stratigraphy of lacustrine tephra deposits. For the size,
density and mass flux of particles landing at the locations,
we cored; if the water had been > 40 m deep, settling would
have been as vertical density currents rather than as individual
particles. Therefore, in contrast to deep-sea cores, there is the
potential for settling in lakes to be as individual particles as we
conclude was the case in the proximal lakes (Llanquihue and
Laguna Patas). Importantly, the particles landing on these
lakes were sufficiently large to settle to the lake floor in a time
much shorter than the duration of the eruptive phases,
explaining why the primary stratigraphy is preserved in the
cored tephra. However, our calculation indicated that settling
in the more distal Lago Todos Los Santos occurred (at least in
part) as plumes of particles due to the finer grain size of the
volcanic material, which may explain the homogenous medi-
an grain size with depth in the deposit.
We conclude that coring of lakes to gain primary volcanic
records should generally avoid shallow, sediment-rich fluvial
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sediment fans at river mouths, and cores close to river inflows
should be treated with care (or ideally not used). In addition,
shallow water depths receiving coarser grain sizes are more
likely to form deposits that preserve information on the tem-
poral evolution of the eruption as the particles settled individ-
ually, not collectively as plumes.
Where the location relative to the river input is unknown
(i.e. in paleolakes), or in a situation where lake core tephras
provide the only opportunity for sampling, then the features of
the deposit should be carefully examined. If the deposit does
not show any grading and is a poorly sorted mixture of vol-
canic material, then thickness and grain size information
should be treated with caution.
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